A system is designed to observe the phenomena of electromagnetically induced transparency and optical pumping in cesium D 1 and D 2 lines at room temperature. When a pump laser is frequency-locked on the top of a hyperfine transition and the frequency of the probe laser scans over another hyperfine transition, a spectrum of V-type electromagnetically induced transparency or an optical pumping can be observed depending on whether the two lasers share a common ground state. Therefore, these results can be used to identify the unknown hyperfine transitions of the D 1 line transitions. For educational purposes, this system is helpful for understanding the electromagnetically induced transparency and the optical pumping.
Introduction
It is always important to design a proper experimental configuration to help students understand the interaction between atomic transitions and photon fields. Cesium is a good candidate since it has only one stable isotope, namely Cs 133 . Electromagnetically induced transparency (EIT) is a phenomenon that an opaque atomic medium turns transparent under a controlled laser field. [1] This effect reduces the absorption in a closed three level system. The absorption of the probe exhibits a narrow dip that has a natural linewidth determined by the relaxation time of the ground state sublevels. The EIT is of great interest due to its wide applications including lasing without inversion, [2] controlling light propagation (slow light), [3] enhancing Kerr nonlinearity, [4, 5] and photon switching. [6, 7] When a photon couples two hyperfine levels of an atomic ground state into a common excited state, the destructive interference between the alternative transition paths can substantially reduce the absorption. Atoms are pumped by the laser light into a coherent superposition of ground state sublevels that constitute a non-absorbing state decoupled from the laser field. This unique situation allows analyzing additional optical transitions, which do not contribute to preparing the non-absorbing coherent state responsible for the EIT. This phenomenon is explained by the interference between the absorption and the emission processes. By changing the coupling laser condition the EIT phenomena can be switched among Λ, type V type and ladder type. Researchers have performed numerous relevant investigations using a Λ-type system in the atomic medium. [8] Grynberg et al. [9] studied the gain mechanism with resonance in a V-type configuration, [9] and Wu et al. [10] obtained the same results.
In this work, we demonstrate a three-level V-type EIT and an optical pumping in an atomic vapour cell using an optical configuration. The probe laser frequency scans across Cs D 1 lines. The frequencies of two coupling laser beams are locked on different Cs D 2 lines. Whether the optical pumping effect or the EIT effect is observed in the probe spectrum depends on which frequency the pump laser is set at. Figure 1 shows the experimental scheme. The atomic cesium cell was 100-mm long with a diameter of 38 mm. The cesium vapour pressure was estimated at 0.27 Pa at room temperature. The probe laser was an external-cavity diode laser (Sacher Lasertechnik, TEC100). Probe laser frequency was scanned by applying a triangular wave from a function generator to drive the lead zirconate titanate (PZT) attached to the cavity mirror. Meanwhile, a 5-mW probe laser beam was picked up by a beam splitter (B.S.) and sent to an optical system of Doppler-free saturation absorption spectroscopy (DFSAS) [11] to find hyperfine transitions of Cs D 1 line. In an optical system of DF-SAS, a probe beam was separated by a B.S. into two probe beams and one pump beam. One probe beam was overlapped with the pump beam in the Cs cell and the other probe beam just went through the Cs cell. The transmitted probe beam was detected by a photo detector and then sent to the feedback loop of the probe laser. Due to the limitation of the ECDL scanning range, the saturation spectrum information obtained from different scanning events is not sufficient to identify the hyperfine levels of the ground state exciting these signals. In order to identify these signals, a coupling laser beam counter propagated with respect to and overlapped with the probe beam. The coupling laser frequency was locked on a selected Cs D 2 line. The coupling laser 1 (C 1 ) and the coupling laser 2 (C 2 ) were from a 50-mW distributed Bragg reflection (DBR) diode laser (SDL-5712-H1). The C 1 laser was locked on a selected Cs
Experimental setup
, F = 5 and the C 2 laser was locked on another selected Cs
Both laser frequencies were stabilized by the DFSAS. The probe beam and the coupling beam (C 1 or C 2 ) were both linearly polarized and counter propagated through the cesium cell. The linewidths of all lasers were typically less than 1 MHz. The transmitted probe beam was monitored by a photodiode (Thorlabs, FDS100) and recorded by a digital real-time oscilloscope (Tektronix, TDS 220).
Optical pumping
We set up an optical system of optical pumping and EIT to identify the hyperfine levels of the ground state exciting the hyperfine transitions of the D 1 line. The relevant atomic energy level diagram of the Cs atom is shown in Fig. 2(a) . The probe laser frequency scans across the D 1 line. The population ratio of Fig. 2(a) . In Fig. 2(b) , the C 1 laser is coupled into the atomic energy level and locked on the selected Cs
. According to the selection rule, the excited electrons only decay to |6 2 S 1/2 , F = 3 and |6 2 S 1/2 , F = 4 . The C 1 laser continuously pumps the atomic population from |6 2 S 1/2 , F = 3 to another ground state |6 2 S 1/2 , F = 4 . In Fig. 3 , the solid line indicates the absorption spectrum of the cesium D 1 line. The absorption peaks correspond to the transitions from |6 2 S 1/2 , F = 4 to |6 2 P 1/2 , F = 3 and to |6 2 P 1/2 , F = 4 . The hyperfine splitting for Cs D 1 line is 1.168 GHz and the ground state is 9.192 GHz.
[13] Fitting the curve to a Gaussian When the C 1 beam is turned on and sent into the cesium cell, in which it overlaps the probe laser beam, the spectrum shows stronger absorptions with broadener linewidths as plotted by a dash line in Fig. 3 . The data show the absorption intensities I 1 and I 2 (I 1 = 15.60 abs. units, I 2 = 19.30 abs. units) and the FWHM absorption linewidths ∆ν 1 and ∆ν 2 (∆ν 1 = 432.8 MHz, ∆ν 2 = 532.5 MHz). The cesium temperature is estimated to be 593 K based on the absorption linewidths and the relevant equation given in Ref. [11] , which exceeds that obtained in the real experimental condition. This is called the optical pumping effect. Several different aspects of spectroscopic techniques are based on optical pumping. One of the aspects is related to the increasing or the decreasing of the population in selected energy levels. Based on these data, we can estimate optical pumping efficiencies (η 1 = I 1 /I 1 = 1.16 and η 2 = I 2 /I 2 = 1.18) for |6 2 P 1/2 , F = 3 and |6 2 P 1/2 , F = 4 .
Decrease optical pumping and electromagnetically induced transparency
The C 2 lasers are locked on another selected Cs
. According to the selection rules, the excited electrons only decay to |6 2 S 1/2 , F = 4 . The C 2 laser pumps the population from |6 2 S 1/2 , F = 4 to an excited state The C 2 and the probe laser beams share the common ground state as shown in Fig. 4(b) . Figure 5 shows the spectra obtained by scanning the probe laser frequency with and without the C 2 laser. The spectra show weaker absorption and narrower line width with abrupt transmission peaks very close to the centre of D 1 transitions. By ignoring the abrupt transmission peaks, these experiment data show the absorption intensities I 1 and I 2 to be 10.0 abs. units and 9.48 abs. units, respectively and the optical pumping efficiencies η 1 and η 2 to be 0.7 and 0.6, respectively. The FWHM absorption linewidths ∆ν 1 and ∆ν 2 are 321.3 MHz and 365.2 MHz, respectively. The population transfer from |6 2 P 3/2 , F = 5 to |6 2 P 3/2 , F = 4 can take place due to the off-resonance optical pumping and the collisional energy transfer between the hyperfine structures of the excited states (Cs 6 2 P 3/2 states). The excited electrons of Cs |6 2 P 3/2 , F = 4 can decay to |6 2 S 1/2 , F = 3 and |6 2 S 1/2 , F = 4 .
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As a result, the C 2 laser pumps the population from |6 2 S 1/2 , F = 4 to |6 2 S 1/2 , F = 3 , the probe laser sees fewer atoms, thereby reducing the optical pumping. Sufficiently high laser intensity saturates the transition. The probe and the C 2 lasers interacting in the same hyperfine ground state can be used to explain the optical pumping and the EIT in one optical system. Figure 5 shows that the transmission peaks are the EIT signals. This V-type EIT is caused by both lasers using the same hyperfine ground state of cesium as shown in Fig. 4(b) . When the C 2 beam interacts with the probe laser beam in the cesium cell, we can observe the EIT and the optical pumping at the same time.
Typically, the DFSAS can resolve the Cs hyperfine structures, but cannot distinguish two signals of SAS that are from cesium ground states |6 2 S 1/2 , F = 3 and |6 2 S 1/2 , F = 4 . However, using the coupling lasers (C 1 or C 2 ) together with the probe laser, we realize a new method of assigning these signals directly to the signals of the EIT and the optical pumping. As shown in Figs. 3 and 5, the Cs transitions can be assigned. One condition is to have the EIT window and the optical pumping. The other condition is to have only the optical pumping effect. Therefore, these spectra are quite different. This identification can be realized without using a sub-GHz resolution wavemeter, thereby reducing the experiment cost.
Conclusion
In this work, we demonstrate an approach to understand the interactions between atomic transitions and photon fields and display the optical pumping and the EIT in an optical scheme. The quantum interference signals successfully identify the atomic transition from the cesium D 1 line by checking the existence of the EIT signal. One just uses a known transition to label the hyperfine signals and a proper experimental configuration to specify the unknown hyperfine transitions. For educational purposes, in this study we also report the phenomena of a three-level EIT and an optical pumping effect.
